Abstract. Selenium is an essential trace element and has shown chemopreventive or therapeutic activities on human solid cancers; however, whether it has anticancer effects on leukemia has not yet been elucidated. The present study was designed to determine the role of selenium on HL-60 human promyelocytic leukemia cells. We found that 100 nM of sodium selenite (Se) had no significant effects on cell proliferation, apoptosis and the cell cycle; however, a higher concentration of 250 nM of Se significantly inhibited cell proliferation, promoted apoptosis and induced cell cycle arrest at the S phase after 48 h of treatment (P<0.05), thus demonstrating the anticancer activities of selenium in leukemia. However, the decrease in c-Jun NH2-terminal kinase 1 (JNK1) expression by targeting JNK1 using small interfering RNA attenuated the inhibitory effects of Se on cell proliferation and the induction of apoptosis. Mechanistic studies showed that the anticancer activities of Se were associated with the enhanced phosphorylation of JNK1 and the increased expression of the cell cycle regulators, p21 and p27, as well as the downregulation of cyclin D1. Our data provide further evidence that the appropriate concentration of selenium has therapeutic potential in leukemia.
Introduction
Leukemia is one of the most comment malignant diseases worldwide. Epidemiological studies have shown that in the United States, among males aged >40 years, leukemia is the most common fatal cancer; among females, leukemia is the leading cause of cancer-related mortality before the age of 20. In children (newborns to 14 years of age) almost one third of cancer cases are diagnosed are leukemia (particularly acute lymphocytic leukemia) (1) . Chemotherapy remains the major strategy for the treatment of leukemia; however, traditional therapy has lower efficacy and severe side-effects. Therefore, it is urgent to develop an alternative medicine or alternative therapeutic approaches for the treatment of leukemia. It has been demonstrated that the trace element, selenium, has potential effects on leukemia (2) . Selenium plays important roles in different physiological functions of the human body. Epidemiological and clinical studies have reported that the inadequate status of selenium increases the risk of cancer (3) . Basic research and clinical trials have demonstrated the protective effects of selenium against prostate, colorectal and other solid cancers (4) (5) (6) (7) (8) (9) . The anticancer effects of selenium have been postulated to be associated with the inhibition of cell proliferation and the induction of apoptosis through different signaling pathways, particularly its antioxidant and anti-inflammatory effects which are mediated through the activity of selenoenzymes (9) . Selenium compounds have also been shown to be involved in the mitochondrial pathway, protein kinases, tumor necrosis factor, the activation of caspases and reactive oxygen species (3, 7, 8) .
We have previously demonstrated that the anticancer effects of selenium are mediated through the activation of c-Jun NH2-ternimal kinase 1 (JNK1) and the inhibition of the Wnt/β-catenin signaling pathway in colorectal cancer in mouse models and colorectal cancer cell lines (10) . JNK1 is a member of the mitogen-activated protein kinase (MAPK) family, and plays a critical role in the regulation of cell proliferation, differentiation and apoptosis (11) (12) (13) (14) . In previous studies, we demonstrated that JNK1 plays synergistic role with the cell cycle regulator, p21 (12) , and that activated JNK1 (JNK1 phosphorylation) interacts with and downregulates β-catenin signaling (15) . In fact, p21 and Wnt/β-catenin are negatively interacted through c-myc and cyclin D1 (16) (17) (18) . Whether selenium also exerts anticancer effects by promoting apoptosis and inhibiting cell proliferation in leukemia cells, and the underlying mechanisms involved, remains unclear.
In the present study, using HL-60 human promyelocytic leukemia cells, we found that a higher concentration of selenium significantly inhibited cell proliferation, induced apoptosis, as well as changes in the cell cycle, which were associasted with the enhanced phosphorylation of JNK and the increased expression of p21 and p27, and with the deceased expression of cyclin D1.
Materials and methods
Cell lines and chemicals. HL-60 human promyelocytic leukemia cells obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) were maintained in RPMI-1640 medium (Life Technologies, Inc., Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics (10,000 U/ml penicillin and 10 µg/ml streptomycin). The cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Sodium selenite (Se) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell proliferation assay. A total of 1x10
4 HL-60 cells was seeded in each well of a 96-well plate and incubated overnight. The medium was replaced with fresh medium with a final concentration of Se (100 or 250 nM). Phosphate-buffered saline (PBS) (0 nΜ of Se) was used as a control. Three independent experiments were performed. Followign 24 and 48 h of exposure to Se, cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay using the CellTiter 96 Non-Radioactive Cell Proliferation Assay kit according to the manufacturer's instructions (Promega Corp., Madison, WI, USA).
Apoptosis and cell cycle analysis. To detect apoptosis, the HL-60 cells were treated with various concentrations of Se (0, 100 and 250 nM) After 48 h of treatment, the cells were harvested and fixed with 70% ethanol followed by propidium iodide (PI) staining. The cells were then counted using a flow cytometer (FACScan; BD Biosciences, San Jose, CA, USA) to detect apoptosis and for analysis of the cell cycle. Usually, approximately 10,000 cells were counted. The percentage of apoptotic cells was calculated by dividing the total number of cells by the number of apoptotic cells (e.g., the number of apoptotic cells/the total number of harvested cells). Cell cycle changes were assayed by dividing the total number of analyzed cells by the number of cells at individual cell cycle phases.
Effects of a decrease in JNK1 expression on cell proliferation and apoptosis. Small interfering RNA (siRNA) targeting human JNK1 (si-JNK1) (Sigma-Aldrich; sequence of si-JNK1 was 5'-GGGAUUUGUUAUCCAAAAU-3') was transfected into the HL-60 cells. Twenty-four hours after transfection, the cells were treated with 250 nM of Se for 48 h. siRNA for human green fluorescent protein (GFP; si-Control) (Sigma-Aldrich) was used as a control. Cell proliferation was determined by MTS assay, and apoptosis was analyzed by flow cytometry, as described above.
Immunoblotting. For immunoblotting, the cells were collected 48 h following treatment with Se. The cells were lysed using 1X RIPA buffer (Upstate Biotechnology, Lake Placid, NY, USA) containing a protease inhibitor cocktail (Sigma-Aldrich). Following cell lysis, 30 µg of protein were loaded on a 10% SDS gel followed by transfer onto PVDF membranes. Antibodies against JNK1 and phosphorylated JNK1 (Cell Signaling Technology, Danvers, MA, USA), p21, p27 and cyclin D1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and β-actin (1:10,000; Sigma-Aldrich) were used. The anti-mouse secondary antibody was purchased from Santa Cruz Biotechnology, Inc. The detected signals were visualized by an enhanced chemiluminescence reaction system, as recommended by the manufacturer (ECL-Plus; Amersham, Piscataway, NJ, USA). The immunoblotting intensities were quantified using Quantity One Software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. The significance of the differences between the means of the various subgroups was assessed by an unpaired two-tailed Student's t-test. Data are presented as the means ± SD. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Se inhibits HL-60 cell proliferation. Se (250 nM) significantly inhibited HL-60 cell proliferation after 48 h of treatment (P<0.01, compared to the cells treated with 0 and 100 nM Se), although 100 nM of Se also exerted slight inhibitory effects on cell proliferation (P<0.05, compared to the cells treated with 0 and 100 nM Se) (Fig. 1) .
Se promotes the apoptosis of HL-60 cells. The HL-60 cells were treated with 0, 100 or 250 nM of Se for 48 h, and the cells were then collected for the analysis of apoptosis. Se (100 nM) induced HL-60 cell apoptosis, although the induction was not significant (Fig. 2) . However, compared to the cells treated with 0 and 100 nM Se, the higher concentration of Se (250 nM) significantly induced apoptosis (P<0.05).
Se causes changes in the cell cycle in HL-60 cells.
Following treatment with Se for 48 h, 100 nM of Se caused changes in the cell cycle; however, these changes were not significant, although the percentage of cells in the M phase decreased and that of cells in the S phase increased compared to the untreated cells (Fig. 3) . The higher concentration of Se (250 nM) significantly caused changes in the cell cycle in HL-60 cells; in particular, Se induced cell cycle arrest at the S phase (P<0.05, compared to the cells treated with 0 and 100 nM Se).
Decrease in JNK1 expression attenuates the effects of Se on cell proliferation and apoptosis.
In order to determine the importance of JNK1 in the inhibitory effects of Se on cell proliferation and its apoptosis-promoting effects, we transfected the HL-60 cells with siRNA targeting human JNK1, and subsequently treated the cells with 250 nM Se for 48 h. We found that the knockdown of JNK1 abrogated the inhibitory effects of Se on cell proliferation (Fig. 4A ) and the induction of apoptosis (Fig. 4B) .
Se induces changes in protein expression in HL-60 cells.
To determine the potential mechanisms through which Se induces apoptosis and cell cycle arrest, we assayed the changes in the expression of the apoptosis-associated protein, JNK1, and the cell cycle regulators, p21, p27 and cyclin D1. Se (250 nM) significantly induced JNK1 phosphorylation even though the levels of total JNK1 were not altered (Fig. 5) . In addition, the expression of p21 and p27 was increased (by approximately 100-and 300-fold, respectively) and that of cyclin D1 was decreased by approximately 60-fold, compared to the untreated cells and those treated with 100 nM Se.
Discussion
In this study, using an in vitro cell culture model, found that a higher concentration of Se inhibited HL-60 cell proliferation, induced HL-60 cell apoptosis and caused cell cycle arrest, and these effects of selenium were associated with enhanced JNK1 phosphorylation and increased p21/p27 expression (Fig. 6) .
It has been reported that selenium exerts multiple anticancer effects, such as antioxidant (19, 20) , anti-inflammatory and/or suppressive effects by inhibiting β-catenin through 1,4-phenylene bis (methylene) selenocyanate (9, 21, 22) , and increasing the phosphorylation of mitogen-activated protein kinase (MAPK) in prostate cancer cells through methylseleninic acid (23, 24) . In our previous study, we demonstrated that tumor inhibition by Se in colorectal cancer was associated with the phosphorylation of JNK1 and the consequent inhibition of β-catenin and its transcriptional targets, c-myc, cyclin D1 and CDK4, leading to the induction of apoptosis and inhibition of cell proliferation. In addition, Cox2 was almost completed eliminated by Se in mouse intestinal epithelial cells (10) . In another recent study, using an Apc/p21 complex mouse model of colorectal cancer, we found that the combination of selenium and the non-steroidal antiinflammation drug, sulindac, led to the significant induction of the expression of p27 and p53 and JNK1 phosphorylation, as well as to the suppression of β-catenin and its downstream targets, also leading to a demythelation on the p21 promoter (25) , an additional mechanism of selenium in cancer prevention, in which selenium showed a synergistic role with sulindac in exerting maximal inhibitory effects on tumor growth. This finding also provides an important chemopreventive strategy using a combination of anticancer agents, which has a great impact on cancer prevention and has a promising translational potential.
JNK1 plays important roles in the regulation of cell proliferation, differentiation and apoptosis in response to cellular stress and chemopreventive agents (12, 15, 26, 27 ). In the current study, we demonstrated that the selenium-induced inhibition of leukemia HL-60 cell proliferation and the induction of apoptosis was through JNK1 activation. Experiments using siRNA targerting JNK1 further demonstrated that the selenium-mediated effects on HL-60 cells required JNK1. Our data strongly suggest that JNK1 plays a critical role in the selenium-mediated chemoprevention of leukemia cells, in which JNK1 phosphorylation or activation may be one of the key factors through which selenium induces apoptosis.
Basic research and clinical trials have shown the strong tumor preventive effects of selenium (6) , whereas the outcome of the Selenium and Vitamin E Cancer Prevention Trial (SELECT) showed that selenium or vitamin E, alone or in combination did not prevent cancer but caused an increased risk of cancer and metabolism-associated diseases (28) . This failure may be due to the different form of selenium used, as well as the dosage, and the baseline selenium status and genotypes (e.g., polymorphims) of selenium-containing proteins, such as glutathione peroxidase 1 (GPx1) and selenium-binding protein 1 (SBP1). Both proteins are selenium-contain proteins and are negatively regulated by each other, and this interaction plays very important roles in both cancer prevention and carcinogenesis (29) .
The promotion of apoptosis and the induction of cell cycle arrest are major mechanisms of action of chemotherapeutic agents, in which cell cycle regulators, such as cyclins (e.g., cyclin D1 and cyclin E), cyclin-dependent kinases (e.g., cdk2, cdk4 and cdk6), and cyclin-dependent kinase inhibitors (e.g., p21, p27 and p16) (30) play crucial roles. In this study, we found that apart from the induction of apoptosis, selenium induced cell cycle arrest at the S phase. This effect was associated with the increased expression of p21 and p27 and the decreased expression of cyclin D1.
In conclusion, our data demonstrate that Se is effective in inhibiting HL-60 cell proliferation, promoting apoptosis and inducing cell cycle arrest in leukemia cells by targeting JNK1 and the cell cycle signaling pathway, which provides further evidence of the anticancer bioactivity of selenium and suggests that selenium may have additional usage beyond solid tumors. In addition, our data have improved our understanding of the mechanisms responsible for the selenium-induced anticancer effects and suggest a novel use of selenium in leukemia.
